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Integrated Membrane Bioreactor (MBR) models, combination of biological and physical models, have been 
representing powerful tools for the accomplishment of high environmental sustainability. This paper, produced 
by the International W ater Association (IWA) Task Group on Membrane Modelling and Conrrol, reviews the 
state-of-the-art, identifying gaps for future researches, and proposes a new integrated MBR modelling framework. 
E-mail address: giorgio.mannina@unipa.it (G. Mannina). 
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Performance indicators 
Modelling framework 
In particular, the framework aims to guide researchers and managers in pursuing good performances of MBRs in 
terms of effluent quality, operating costs (such as membrane fouling, energy consumption due to aeration) and 
mitigation of greenhouse gas emissions.   
1. Introduction
The application of mathematical models to wastewater treatment
plants (WWTPs) or water resource recovery facilities (WRRFs) is widely 
used in view of providing more accurate answers for design, manage-
ment, optimization and control issues (Zhang et al., 2021; Zuthi et al., 
2012). Indeed, since the 80 s they have been representing a powerful 
tool to understand the several features related to the treatment process 
(Martin & Vanrolleghem, 2014; Hamedi et al., 2019). The Activated 
Sludge Model (ASM) series represent the highlight concerning WWTP 
modelling since they are considered a reliable tool to assess the main 
features related to wastewater treatment. They were first applied to 
traditional activated sludge (AS) systems, consisting of a bioreactor and 
a secondary clarifier, and evolved to accompany more advanced tech-
nologies, such as aerobic membrane bioreactors (MBRs). MBRs came to 
light as an advanced treatment technology with the ability to provide an 
effluent with higher quality to comply with strict regulation limits, 
reduce sludge production, require less space, and have potential for 
upgrading existing WWTPs and implementing water reuse (Judd, 2006; 
Krzeminski et al., 2017; Zuthi et al., 2017; Zheng et al., 2018). Recent 
studies have reported that the implementation of aerobic MBRs is 
increasing over the years due to their many advantages over conven-
tional treatment technologies (Deng et al., 2016; Meng et al., 2017). 
Attempts to combine membranes with the activated sludge process were 
already made 50 years ago (Smith et al., 1969). The first full-scale 
commercial applications of aerobic MBRs were reported in the late 
1970s in North America (Smith et al., 1969), and early 1980s (Japan). 
MBRs use micro- or ultra-filtration membranes for the phase (solid-
–liquid) separation. The nominal pore size of membrane filters is typi-
cally 0.02–0.2 μm. While smaller dissolved fractions (e.g. humic and 
low-molecular-weight substances) pass through the membrane, larger 
particles are mostly retained. Typical examples of such large particles 
include flocs, bacteria and organic colloids (Fenu et al., 2010). 
Following the spread of aerobic MBR technology, mathematical 
models advanced to include the unit process of membrane filtration. 
From a modelling point of view, MBR differs from conventional acti-
vated sludge systems (CAS) not only due to the physical separation but 
also due to the need for integrating the biological and physical treatment 
features, which is one of the biggest challenges faced by researchers 
(Zuthi et al., 2012; Naessens et al., 2012). To address this issue, inte-
grated MBR models were introduced in the literature (Zarragoitia- 
González et al., 2008; Di Bella et al., 2008). 
Despite the existence of such models, there is a pressing demand for 
the updating of integrated models to consider the numerous new targets 
that were brought into the current MBR’s situation, such as fulfilment of 
more and more restrictive legal effluent requirements, or improvements 
for several key performance indicators (KPI): energy consumption and 
overall operating costs, greenhouse gas (GHG) emissions, land use, so-
cial acceptance, or resource consumption (Puyol et al., 2016; Bozkurt 
et al., 2016; Atanasova et al., 2017; Mannina et al., 2017c). However, 
many questions still remain about the connection between biological 
and physical processes, especially due to the complexity of the mem-
brane fouling phenomenon (Hamedi et al., 2019). 
Some reviews have been published in the past to provide some 
enlightenment regarding integrated MBR modelling (Ng & Kim, 2007; 
Zuthi et al., 2012, 2013), which have not been updated ever since. 
Additionally, as far as the authors are aware, none of these works have 
presented any kind of review focused on MBR multi-objective assess-
ments through integrated modelling. Therefore, the first goal of this 
paper is to provide an up-to-date review of the current scenario 
involving integrated MBR modelling identifying gaps for future re-
searches. The second goal focusses on establishing the basis to propose a 
framework focused on best modelling practice of aerobic MBRs, also 
highlighting future needs to achieve this goal. A framework for good 
MBR modelling practice can be employed for the design, operation, 
optimisation and management of MBR systems involving multiple- 
targets: effluent quality, membrane fouling, energy consumption and 
overall operating costs, and mitigation of GHG emissions, among others. 
2. Motivation of integrated MBR modelling
In this section, we present a number of arguments to illustrate the
necessity of considering coupled biological and physical principles to 
come up with what will be named hereafter “integrated models”. 
Continuous MBRs do not operate “continuously” but often “intermit-
tently” mainly due to the necessary backwash or relaxation phases 
subject but also due to fluctuating influent flows. Such intermittently 
operated processes, also known as production/regeneration systems, 
present the fundamental characteristic of never working at steady-state. 
Thus, during the treatment phase, the biomass leads to a set of 
complex phenomena which may cause a progressive fouling of the 
membrane; during backwash/relaxation phase, the matter accumulated 
onto the membranes is washed off out in order, ideally, to recover its 
original filtering properties. In practice, the presence of “irreversible 
and/or irrecoverable fouling” phenomena leads to the fact that after the 
backwash we do not find exactly the initial filtration properties but 
conditions in which these properties slowly degrade backwash after 
backwash. In the long term, such a phenomenon must be solved by 
operators. However, to remain as pedagogic as possible, this is not 
explicitly considered in the very simple model (as the one represented 
above by Eqs. (1)–(6)). During these phases, complex feedbacks - of both 
biological and physical natures - are exerted on the variables of the 
system and influence their dynamics. Biological dynamics are highly 
dependent on different factors, such as the nature of the influent (i.e. 
flow and content in particulate matter), the structure of the biomass, the 
aeration power, etc. These characteristics highly influence the fouling 
propensity of the bioreactor content. Conversely, the application of a 
transmembrane pressure (TMP) leads to the attachment of the particu-
late matter and of certain molecules on the membrane and in its pores, 
gradually blocking the outlet flow. Due to the corresponding elevated 
TMPs, more severe cross flow velocities of the sludge mixture or higher 
air scouring flows need to be applied which affect the bioflocculation 
structure of the biomass and, hence, its activity and again its filterability. 
Indirectly, biological parameters (sludge concentration, kinetics, etc…) 
may also be influenced. Thus, biology – of the biological process – in-
fluences the physical phenomenon – the filtering of the medium through 
the membrane – and vice versa. To illustrate the direct influence of the 
filtration process on the dynamics of biological variables, consider the 
simplest school case in which a biomass X would grow on a single 
substrate S in a bioreactor with a perfect membrane separating soluble 
(S) and particulate matter (X). Assume the system is operating at con-
stant TMP and that the flux decreases over time due to the attachment of
matter onto the membrane (named M). The simplest model of such a
situation would be written as follows during the filtration phase:




μ(S)X (2)  
Ṁ βαD(M)X (3)  
where, μ is the kinetics of the biomass, Sin is the input substrate con-
centration, Y is a yield coefficient, D(M) is the flow rate going through 
the reactor (assumed to be a decreasing function of M bounded by 
0 when M equals a limit value M*), α and β are kinetics and scaling 
parameters (notice that X will rather be in concentration and M in mass). 
During the backwash/relaxation phase, this simplest model would be 
written as follows: 
Ẋ ρM (4)  
Ṡ 0 (5)  
Ṁ γM (6)  
where, ρ and γ are kinetics and scaling parameters. 
There are many hypotheses behind this simple model (no oxygen 
limitation, no biomass decay, etc…), but assuming an alternating 
functioning of the system, we immediately see that:  
1. Except Xeq 0, the model does not exhibit any constant steady state:
whatever the initial conditions, the system evolves such that M tends
towards M*, then D 0 and the system is switched to the regener-
ation mode until the membrane recovers (M be small enough), and
then the system is switched back to the production mode, etc…
2. Because of the feedback of the membrane (the physical device) on
the flux, the membrane exerts a direct feedback on the dynamics of
the biological variables.
3. Notice finally that even if the biomass is considered to be at what is
called a “pseudo steady state”, the fact that D depends explicitly on M
– which can precisely be seen as a feedback of physical phenomena
on biology – introduces a “continuous dynamical behaviour”.
As a consequence, such a system cannot be modelled by a “biological 
compartment” followed by a model describing the physical behaviour of 
the membrane: the coupling of both must be necessarily taken into 
account to finally come up with what will be named hereafter an “in-
tegrated model”. Looking at Fig. 1, it can be noticed that direct feed-
backs of the physical compartment on the biology of the AS could also be 
considered in the sense, for instance, where the quantity of attached 
biomass M could directly impact the biomass growth kinetics in the 
medium. The modelling of such feedback obviously opens up instigating 
research perspectives that are, however, out of the scope of the present 
paper. 
3. Integrated MBR models
3.1. Classification
Since the MBR invention, several efforts have been employed to 
improve their operation strategies and to prevent their known limita-
tions (mainly membrane fouling issues) from affecting the viability of 
the technology expansion. One of the challenges was to understand how 
the biological treatment communicates with the physical one, which led 
to the necessity of combining biological models with membrane filtra-
tion models (Wintgens et al., 2003; Di Bella et al., 2008). From this point 
and based on the available literature, four types of aerobic MBR models 
are generally described in the literature: biological, hybrid, physical, 
and integrated. 
Biological models refer to the unmodified ASM models, formerly 
developed to describe both the kinetics and the stoichiometry for bio-
logical nutrient removal activated sludge systems (Henze et al., 1987; 
1995), which are also used for modelling aerobic MBRs (Fenu et al., 
2010). The called hybrid models in fact are just modified versions of the 
ASM family, which were adapted including new state variables to take 
into account mainly the soluble microbial products (SMP) and extra-
cellular polymeric substances (EPS) formation and degradation pro-
cesses (Zuthi et al., 2012), thus we will consider them as biological 
models in this paper. Other authors (Galinha et al., 2018) define “MBR 
hybrid modelling” as the combination of a mechanistic model (ASM 
based) with non-mechanistic models (for membrane filtration mainly), 
but we have focussed our review on mechanistic models, so we will not 
take this definition into consideration. On the other hand, the physical 
Fig. 1. Example of a schematic representation of integrated MBR models and correlations (Where Su:= soluble undegradable organics; SB:= soluble biodegradable 
organics; SNHx:= soluble biodegradable ammonia; XCB:= particulate biodegradable organics; XCB:= particulate biodegradable organics; Xue:= Particulate unde-
gradable endogenous products ; YOHO:= yield coefficient of heterotrophic biomass; YANO:= yield coefficient of autotrophic biomass; Xcb:= particulate biodegradable 
carbon, XUE:= particulate substances; XCBN:= particulate nitrogen. 
The idea of coupling biological and physical models in a single model 
leads to a comprehensive prediction of the system’s behaviour. Among 
its main advantages, the integrated MBR models can provide credible 
estimations for full-scale facilities and validate results obtained on a 
laboratory scale (Zuthi et al., 2012). They can also surpass the limita-
tions of experimental results, which offer a limited universe of possi-
bilities while the model can present a wide range of scenarios to be 
considered during a decision-making process (Mannina & Cosenza, 
2013; Monclús et al., 2012). In other words, by the use of integrated 
MBR models, managers are able to explore a variety of operating con-
ditions prior to their application on-site, avoiding waste of environ-
mental, physical and chemical resources which is reflected over plant’s 
performance indicators (e.g., operating costs, energy consumption, 
effluent quality, etc.). 
On the other hand, one of their major problems is related to the se-
lection of default values for crucial information (e.g., biomass growth 
and decay rates, formation/degradation coefficients, compounds indi-
vidual fractioning, etc.), because available literature references are 
scarce/limited and usually related to plants with different characteris-
tics among them (sometimes related only to CAS processes) (Zuthi et al., 
2012). Another important issue regards to the model’s calibration and 
uncertainty, which are complex procedures that require time and 
trustable data (Fenu et al., 2010; Zuthi et al., 2012; Mannina et al., 
2010). In addition, models that were calibrated considering lab-scale 
information may provide underestimated results when applied to full- 
scale facilities. These liabilities reflect in results that may fit with the 
researcher’s data but fail when applied to other researches (Ni and Yuan, 
2015). Sensitivity and uncertainty analysis as well as comprehensive 
calibration protocols are limited for MBR modelling and their applica-
tion is needed in view of getting good modelling results (Freni and 
Mannina, 2010; Mannina et al., 2010; Mannina and Viviani, 2009). 
Indeed, recently Mannina et al. (2017a); (2018c;)) carried out a study on 
the assessment of the sensitivity and uncertainty analysis for both an 
ASM1 and ASM2d integrated (biological and physical) MBR model. 
Authors were able to pin down the source of uncertainty and most 
influential parameters in the MBR modelling. The study showed that for 
the gaseous model outputs 88–93% of the measured data lays inside the 
confidence bands showing an accurate model prediction. Future studies 
should focus on the estimation of uncertainty in order to provide a 
quality of model prediction as well as gaining insights in the dominated 
processes. 
Considering the overall discussion above reported, there is a need to 
simplify the definition of what is called integrated modelling that has a 
non-clear and unique definition causing misunderstanding among 
modellers. In view of that, here we define integrated MBR modelling as 
the combination of biological and physical models to describe mem-
brane filtration (Fig. 2), assuming that biological models refer to ASM 
family (adding or not state variables and other processes). Special 
emphasis should be given to the link between physical and biological 
models which define the interactions in the integrated model which are, 
in turns, the main features. Further, there is a continuous exchange of 
information from the biological to physical model and in some cases vice 
versa (Mannina et al., 2010). The main advantages of integrated MBR 
models consist in getting a more comprehensive approach and in having 
the possibility to better understand the overall involved phenomena 
(both biological and physical) in view of an optimization. On the other 
hand, main disadvantages of integrated MBR models are the complexity 
and larger data set needed for model application respect to simple 
modelling approaches. 
3.2. Historical evolution 
Fig. 3 summarises the historical evolution that led to the current 
integrated MBR models. 
As mentioned before, integrated models derive from the ASM-types. 
The ASMs have evolved from the assessment of biological carbon 
removal, nitrification, and denitrification in the ASM1 (Henze et al., 
models consider the liquid–solid separation process promoted by the 
membrane filtration. In particular, the following processes are generally 
taken into account (Mannina et al., 2011a): i) cake layer formation 
during the membrane filtration, permeate backwashing phases, and 
aeration; ii) pre-filtration throughout the cake layer (biological mem-
brane effect) leading to removal of organic matter (COD); iii) particle 
retention by the membrane (physical membrane effect) leading to 
removal of organic matter (COD); and iv) irreversible membrane fouling 
(specifically pore narrowing; pore blocking; and influence of SMP on 
pore fouling). Finally, the integrated MBR models are the combination 
of the biological models (whatever the nomenclature used by the au-
thors) with the physical model. 
Despite the simplified definition provided above, the concept of in-
tegrated MBR model is controversial, since the literature still struggles 
with an agreement regarding their composition. Indeed, a historical 
overview points out that integrated MBR models were first considered to 
be a correlation between biological and physical models (Ng & Kim, 
2007), without a clear definition regarding the concept of the first 
model. Indeed, according to Ng & Kim (2007), an integrated MBR model 
can be defined as the connection between a biological or hybrid models 
and a physical model. According to Di Bella et al. (2008) and Mannina 
et al. (2011a), the integrated MBR models are a combination of bio-
logical models to describe biomass behaviour and physical models to 
describe membrane fouling. 
In the second part of a review paper, Naessens et al. (2012) presented 
three types of integrated models for MBR systems: i. models that couple 
biological and filtration models (with and without the estimation of SMP 
and EPS); ii. models that integrate population mass balances into the 
integrated framework; iii. models that integrate cost models into the 
integrated framework. No formal concept of the integrated approach 
was presented by Naessens et al. (2012) in this review. The major 
question retrieved from this work is which boundaries should be given 
while defining the integrated MBR models since the categorization 
seems to encompass several aspects related to the whole MBR technol-
ogy (e.g., calibration of half-saturation coefficients and costs), instead of 
focusing on the biological and physical aspects that are considered by 
the MBR modelling. Indeed, a few years later, Mannina et al. (2018a) 
stated that integrated MBR models combine physical and physical 
models in order to predict MBR behaviour. This short definition is in 
agreement with previous literature (Di Bella et al., 2008; Mannina et al., 
2011a; Zuthi et al., 2012). 
From the aforementioned definitions, one can understand that the 
use of integrated MBR models is the most comprehensive way to model 
MBR systems. Some authors employ different approaches not simulating 
EPS/SMP and obtaining acceptable results (Wintgens et al., 2003; 
among others). For some other authors, the hybrid models are important 
because SMPs and EPS are considered one of the main causes of mem-
brane fouling (Drews et al., 2008; Meng et al., 2009; among others). 
Their formation/degradation processes are known to happen during the 
biological treatment by means of substrate utilization, biomass decay 
and cell hydrolysis (Zuthi et al., 2012). The introduction of these aspects 
in a hybrid model may provide for some cases a reasonable approach to 
evaluate membrane fouling (Ahn et al., 2006). Some reviews were 
published on this matter with the aim to address the aspects of MBR 
biomass kinetic modelling (Zuthi et al., 2012; Scholes et al., 2016), 
which can be consulted to a more detailed approach. 
As for the physical model, literature states that most of them were 
developed to address membrane fouling issues considering resistance- 
based equations (Wintgens et al., 2003). In fact, models related to 
physical aspects mostly differ in terms of complexity. While some 
consider aspects such as resistance-in-series (RIS) and permeate flux 
(Lee et al., 2002; Wintgens et al., 2003; Sarioglu et al., 2012; Robles 
et al., 2013), others assess carbon removal by the cake layer (deep-bed 
filtration theory), and the effects of reversible and irreversible fouling 
over permeate flux (Zuthi et al., 2013). 
1987), to assess SMP and EPS (Orhon et al., 1989), then to include 
biological phosphorus removal in the ASM2 (Henze et al., 1995), in-
ternal cell storage compounds within heterotrophs in the ASM3 (Gujer 
et al., 1999), and GHG production (ASMN) (Hiatt and Grady, 2008). 
When MBR started to spread as an advanced treatment technology with 
many advantages with respect to CAS (Suganthi et al., 2013; Xiao et al., 
2014), the development of specific MBR modelling tools was stimulated. 
The first concerns about modelling MBR systems arose after the 
breakthrough for the MBRs proposed by Yamamoto et al. (1989). 
Indeed, Chaize and Huyard (1991) applied an unmodified ASM1 to an 
MBR plant to assess its performance and found that the biological model 
alone provided results in disagreement with the experimental ones, 
since the ASMs were developed to consider the CAS systems as a refer-
ence, which rendered difficult applying an unmodified version to an 
MBR system. Lately, other attempts were made in view of modelling 
membrane processes focused on the physical aspects. Nagaoka et al. 
(1998) developed a mathematical model to simulate temporal changes 
in suction pressure, flux, and filtration resistance. Additionally, the 
model considered the accumulation, detachment, and consolidation of 
EPS on the membrane surface. Despite considering EPS results, this 
model may not be considered hybrid since no biological assessment was 
performed during model simulations. 
Along with the development of the physical models, even more 
specific features were included in the biological ones, such as the for-
mation of SMP and EPS (Lu et al., 2001, 2002). Indeed, the fact that 
SMP/EPS kinetics were already under study by modellers (Namkung and 
Rittmann, 1986; Orhon et al., 1989; Ahn et al., 2006; Aquino and 
Stuckey, 2008; Jiang et al., 2008), facilitated the integration of these 
features into the biological models into a hybrid approach. The modi-
fication of the ASM1 held by Lu et al. (2001) may be considered the first 
application of a hybrid model. Lately, Lu et al. (2002) modified an ASM3 
to include the estimation of SMP and EPS. From this point, the first at-
tempts to develop an integrated MBR model were observed (Wintgens 
et al., 2003; Saroj et al., 2008), although the link between the biological 
and the filtration models was not clear yet. For example, Saroj et al. 
(2008) applied an ASM3 with EPS dynamics, coupled with an EPS based 
filtration model (Ognier et al., 2004), without, however, linking the EPS 
dynamics with the filtration model. An extensive assessment among 
published literature demonstrates that the first complete versions of 
integrated MBR models including SMP/EPS were contemporaneously 
presented by Zarragoitia-González et al. (2008) and Di Bella et al. 
(2008). Zarragoitia-González et al. (2008) described a detailed hybrid 
ASM1-SMP model and simulated the biological-filtration link. The 
hybrid ASM-SMP model was based on the work of Lu et al. (2001) and 
Cho et al. (2003); the physical processes were modelled by the filtration 
model of Li and Wang (2006) where coarse bubble aeration was 
considered both for the effects of its cycles on the attachment and 
detachment of the cake layer formation and for the repartition of the 
fouling along the height of the membrane. The latter model (Di Bella 
et al., 2008) was similar to the one presented by Zarragoitia-González 
et al. (2008), except for the physical model, which included the influ-
ence of backwashing in the attachment and detachment forces to the 
cake layer formation (instead of aeration) and, for the first time in an 
integrated model, including hybrid EPS/SMP modelling, and the 
removal of COD based on deep-bed filtration theory (Bai and Tien, 2000; 
Kuberkar and Davis, 2000). Lately, Mannina et al. (2011a) further 
modified the model proposed by Di Bella et al. (2008) including the 
sectional approach for the resistance in series (Li and Wang, 2006) and 
the SMP model by replacing the Lu et al. (2002) model with Jiang et al. 
(2008). Further, the model calibration was enhanced by considering the 
protocol proposed by Mannina et al. (2011b) where the global sensi-
tivity analysis (Saltelli et al., 2004) was included to take into account the 
interactions among the model parameters. In Fig. 4 the main feature of 
Mannina et al. (2011a) model are reported. 
Additional features were added to the ASM family. For example, 
excess sludge production, oxygen transfer rate, oxygen consumption 
rate started to be considered (Fenu et al., 2010). Meanwhile, the 
assessment of SMP and EPS were being updated. Janus & Ulanicki 
(2010) divided the SMPs between soluble utilization associated products 
(SUAP) and soluble biomass associated products (SBAP) in accordance 
with the approach proposed by Laspidou and Rittmann (2002). Their 
purpose was to provide reliable values of SMP and EPS to be applied 
whilst modelling MBR processes. Results reported a strong correlation 
between SMP/EPS and mixed liquor volatile suspended solids (MLVSS) 
and sludge retention time (SRT), indicating a pathway to be followed in 
the integration of biological and physical features. 
Physical models were also updated, presenting important results that 
led to the current versions of the integrated models. Wu et al. (2012) 
developed a combined cake layer and pore fouling model in view of 
assessing the influence of solid, colloidal and soluble components over 
Fig. 2. Schematic representation of integrated MBR models.  
membrane fouling. The results were reported to be positive since the 
model successfully predicted the changes in TMP, and also in cake and 
pore resistance at various aeration intensities. Indeed, results reported 
that aeration exerted a significant influence on fouling evolution, which 
stimulated other modelling approaches in the future. 
Since the integrated approach became more spread, several reviews 
were published to address some issues that still remained unclear 
(Naessens et al., 2012; Zuthi et al., 2012). One of the main findings of 
Zuthi et al. (2012) was related to the production and degradation of SMP 
within an MBR, which can be influenced by the operating specificities of 
the treatment process, such as longer SRT, feeding ratios, total sus-
pended solids, and MLSS among others. These results not only led to the 
spread of the integrated MBR models but also to understand that pro-
moting changes in the operating parameters (i.e., to optimize the range 
of parameters set for MBR functioning) could lead to the optimization of 
membrane performance. From this point, integrated MBR models star-
ted to consider other targets, such as dynamic fouling. 
Considering the dynamic fouling, for example, Charfi et al. (2015) 
and Zuthi et al. (2017) developed a semi-empirical mathematical model 
that accounts for cake formation and pore-blocking as the major 
contributor to membrane fouling. This integrated MBR model considers 
the resistance due to pore blocking (RPB) and the loss of porosity in 
accordance with the approach of Bowen et al. (1997) and Busch et al. 
(2007). The model also considered that a pore size reduction is expected 
due to the adsorption of soluble particles within the pores. The resis-
tance due to cake layer formation (RCL) is obtained by considering the 
attachment and detachment forces, which lead to a final thickness of the 
cake after the application of filtration and backwashing fluxes. In the 
end, the total resistance (RT) is modelled by means of the resistance-in- 
series that accounts that RT is equal to the sum of the membrane intrinsic 
Fig. 3. Historical overview of the key developments for integrated MBR modelling evolution.  
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Fig. 4. Integrated MBR model as proposed by Mannina et al. (201 ta). 
resistance (R1,,M) plus RPB and Ra. SMP was found to be the most 
important cause of the biofilm fo1mation onto the membrane surface. 
A similar physical mode! was applied by Mannina et al. (201 la). 
However, Ra. was divided into two complementa1y resistances: the 
resistance of the stable (and Î!Teversible) cake layer (R1v,CÙ and of the 
dynamic (and reversible) cake layer (RRv,CÙ• These resistances are also 
related to the presence of filtration and backwashing fluxes, but RRv,CL 
relates to the an10unt of sludge that detaches from the membrane smface 
with the influence of aeration, whilst R1v,CL represents the irreversible 
cake that can be removed only by means of chemical cleaning. The 
application of Zuthi et al. (2017) does not include the cross-sectional 
approach that <livides the membrane into equal fractions in order to 
consider the probability of cake fo1mation according to how distant the 
section is from the aerator (Zanagoitia-Gonzâlez et al., 2008; Mannina 
et al., 201 la). This charactelistic allows the mode! to correlate the 
aeration with membrane fouling, which is a subject that demands more 
attention from the literature Notations of the above mentioned filtration 
resistances have been an1ended according to literature (Brepols et al., 
2020). 
Indeed, new applications can be found in literature conside1ing the 
compreltensive physical approach previously presented, with the com­
plete features of a hybrid mode!. From this point, the integrated models 
were also able to estimate GHG emissions, since WWTPs were revealed 
to be responsible for almost 3% of the GHG entissions on a global scale 
(IPCC, 2013; Koutsou et al., 2018). Mannina et al. (2017a) and Mannina 
et al. (2018a) presented the first integrated models employing ASMl and 
ASM2d, respectively, and taken into account GHGs. Both models 
modified the nitrogen modelling by consideiing two steps and four steps 
for nitrification and denitrification processes, respectively. Further, 
Mannina et al. (2018b) presented the compalison among two different 
integrated MBR models applicable to the assessment of nutrient 
removal, considering two different aspects of nitrification: the Mode! I 
applied the nitrification as a one-step process (Hiatt & Grady, 2008), 
while Mode! II considered nittification as a two-step process (Pocquet 
et al., 2016). The mode! was applied to understand the influence of both 
nimfication approaches on GHG en1issions. Results showed that Mode! 
II had a better capacity to match experin1ental data as it considers a more 
compreltensive approach when it comes to nitrous oxide (N20) fom1a­
tion by the an1monia-oxidizing bacteria (AOB). This application is 
in1portant to ensure the consideration of biomass metabolism while 
modelling GHG enüssions and elevates the concems regarding the 
application of more accurate kinetic values. Despite the advanced 
studies presented by Mannina's and co-workers, the models need to be 
applied to real WWTPs to fmther veiify their suitability. 
The historical evolution of the integrated approach led to a more 
consistent knowledge regardÎilg the MBR's functioning, and the appli­
cation of the integrated approach to assess MBRs operating conditions 
has been proved as a trustwo1thy method that provides reliable and 
realistic results (Saroj et al., 2008). Thus, the cmTent step is to provide 
the models with tools that allow overcoming MBR's most in1portant 
obstacles in order to optimize their perfo1mance. 
Another application of the MBR modelling can be systen1 optimiza­
tion. Specifically, integrated models employed for MBR optintization are 
still under careful studies and there are few available in the literature (Di 
Bella et al., 2008; Zarragoïtia et al., 2009; Jang et al., 2006; Zuthi et al., 
2013; Gonzalez Hemândez et al., 2015; Yang et al., 2017). Among the 
available tools, an even smaller amount has assessed the optintization of 
an MBR by consideiing multi-objective targets, such as energy demand, 
operating costs, etc. (Maere et al., 2011; Dalmau et al., 2013; 2014;; 
Gaban6n et al., 2015). For this reason, multi-objective perfo1mance 
assessment has become in1perative to the development of the MBR 
technology and the use of integrated MBR models may be an applicable 
solution. Further studies are thus needed in order to provide a more 
compreltensive approach in MBR optintization and conn·ol. Future 
studies should focus on the studying the interplay role an1ong biological 
and physical processes for enhancing design and operation of MBR 
the modelling targets can be considered by the integrated MBR models 
in order to reflect on the results of each KPI presented in this paper. 
Some specific examples of MBR modelling projects include the 
design of the required membrane surface or the specific aeration de-
mand device, the optimisation of biological nutrient removal and 
filtration processes in an integrated way, the control of membrane 
fouling (by regulating filtration cycles and air scouring) or sludge resi-
dence time. Similarly, additional performance criteria such as mem-
brane fouling index or operational cost index, including air scouring, 
may be considered. 
The second step, data collection and reconciliation, includes col-
lecting the different type of data (influent and permeate quality, phys-
ical data related to the membrane compartment, and operational 
parameters, such as filtration cycles or TMP set points for membrane 
cleanings) and identify the data requirements (e.g. quantity and fre-
quency of the data), which might be very different depending on the 
modelling purpose and the dynamics of biological and filtration pro-
cesses. The data reconciliation step should allow to identify gaps and 
errors in the collected data and thus need for additional measuring 
campaigns for a proper validation. Typical additional data requirement 
would be dissolved oxygen and nutrient concentrations in the mem-
brane compartment to optimise nutrient removal and aeration control 
(Fenu et al., 2010). 
The third step requires the selection and set up of the models needed 
to describe MBR layout and performance; it means deciding on an 
Fig. 5. Schematic representation of part of the framework for good MBR modelling practices. Where EQIgas = effluent quality index including the gas products (i.e., 
nitrous oxide, methane and CO2), OPEX = operating expenditure; CAPEX = Capital expenditure; TOC = total operating costs; MFI = modified fouling index; DFI =
Dimensionless Fouling Index; EQILIQ = Effluent Quality Index of the liquid phase). 
systems. 
. oards a frameor for good MBR integrated modelling 
ractice
An integrated modelling and simulation study involving MBR re-
quires a stepwise procedure to take into account all relevant phases of a 
modelling project in a similar way as activated sludge modelling is 
guided through the GMP guidelines (Rieger et al. 2013). Therefore, this 
protocol is taken as the key guidance to develop a framework for good 
practices in MBR integrated modelling projects. The rationale behind 
consists on identifying the needs for extension or adaption of the acti-
vated sludge GMP framework due to the particular characteristics of 
MBRs. The MBR Modelling and Control Task Group from the Interna-
tional Water Association (IWA) is working towards the development of 
such a framework but some key ideas are already indicated here. The 
framework for MBR integrated modelling practice will be composed of 
five steps: project definition, data collection and reconciliation, model 
set-up, calibration and validation, and, simulation and results 
interpretation. 
The project definition step includes defining the objective of the MBR 
modelling study (e.g. design, operation/optimisation, control or opera-
tors training), the state variables, the modelling targets and the perfor-
mance indices to be used (permeate quality, membrane fouling or cost 
evaluation criteria). Fig. 5 contains a schematic representation of how 
5. New perspectives
Despite a lot has been done, further work to make plant evaluation as
wide (holistic) as possible is needed. Efforts may be addressed in two 
different areas: 1) process performance assessment (which is more 
properly linked to the main topic of this paper), and 2) evaluation of the 
general plant suitability and sustainability. 
As for the first point, instead of focusing on a few items (e.g. GHG 
emissions, effluent quality index – EQI – based on a few parameters, 
etc.), a broader environmental footprint analysis should be performed, 
by integrating Life Cycle Assessment (LCA) based methodologies within 
the integrated MBR modelling. This poses a series of challenges. First, 
the necessity to estimate a number of mass and energy flows throughout 
the plant, to build the input data set for LCA-based calculations. Sec-
ondly, the need of taking into account emerging contaminants of envi-
ronmental concern (both in the sludge and the effluent wastewater). 
This topic indeed hides another issue related to the growing con-
sciousness that chemical characterisation may fail in giving the real 
picture of effluent properties, as measuring thousands of compounds and 
predicting the effect of their mixture is unfeasible (Pedrazzani et al., 
2019a). This led to the development of bioassays for a more suitable 
characterisation (Escher and Leusch, 2011; Gonzalez-Gil et al., 2016; 
Papa et al., 2016a; Pedrazzani et al., 2020). Nevertheless, the direct use 
of bioassays results in LCA-based procedures is not possible, unless 
proper conversion into equivalent pollutants mass flows is made (as 
suggested by Pedrazzani et al., 2019b; Di Trapani et al., 2015). Alter-
native approaches have also been proposed for overcoming this limita-
tion (Papa et al., 2013; 2016b). 
As for the second issue, which could be indeed considered as another 
step in the decision making process, for assessing the plant suitability, 
other areas should be taken into account and included: e.g. plant 
complexity and reliability; process flexibility; need of skilled personnel; 
administrative and legal constraints, etc. Procedures for including these 
items in a general evaluation and decision making framework, in the 
case of MBR plants, are reported in the literature (Bertanza et al., 2017). 
6. Conclusion
This review presented the remarks retrieved from peer-reviewed
papers regarding the integrated MBR modelling. On this behalf, a 
clear simplified definition and a framework were proposed to pursue 
good practice for MBR modelling taking into account key process in-
dicators such as effluent quality, membrane fouling, aeration, operating 
costs, energy consumption, and mitigation of GHG emissions. Literature 
review shows that the use of integrated mathematical models should be 
more encouraged since they have the ability to provide comprehensive 
results to gain more understanding concerning the functioning of an 
MBR system. 
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